Abstract. Copper oxide incorporated y ash-derived zeolite X (CuO/FAZ-X) was synthesized from solid waste coal y ash by ion exchange with Cu 2+ followed by calcination process. The synthesized materials were characterized by XRF, FTIR, SEM, EDX, and BET methods. In the application of the catalysts for wet peroxide oxidative decolorization of the model dye MB (Methylene Blue), the e ects of major parameters, such as CuO loading, initial H 2 O 2 concentration, initial dye concentration, catalyst dosage, and pH, were investigated to assess the activity of the catalysts. In comparison with the activity of either y ash-derived zeolite X (FAZ-X) or CuO, the combined catalyst (CuO/FAZ-X) showed an enhanced wet catalytic activity. Under the optimal condition (catalyst dose 250 mg/L, 100 ppm dye, pH = 6.8, 1 ml H2O2, and room temperature or 30 C), the decolorization of MB was about 100% in 120 min by CuO/FAZ-X and only 31% and 44% by FAZ-X and CuO, respectively. Based on the decolorized products identi ed by HPLC-(-ESI)-TOF-MS, the decolorization pathway of MB was proposed. Consequently, incorporation of CuO remarkably improved the catalytic activity of FAZ-X, such that CuO/FAZ-X emerged as a novel, reusable heterogeneous Fenton-like catalyst for oxidative decolorization of model dye MB. Thus, the present work demonstrates a simple and facile route for the conversion of waste coal y ash into a valuable catalyst.
Introduction
Industrial activities produce large amounts of dye-and pigment-containing e uent (wastewater), which is hazardous to the environment and has to be processed before being discharged into natural water bodies. These industrial e uents are intensely colored and associated with high level of chemical oxygen demand [1] . They not only deteriorate the aesthetics of receiving waters, but also pose signi cant threat to aquatic life due to the radicals, which can mineralize almost all organic compounds to CO 2 , H 2 O, and inorganic ions [4] [5] [6] . Various AOPs, such as Fenton or Fenton-like [4] , PhotoFenton [5] , ultrasonication [6] , ozonation [7] , etc., have been developed and applied. Among all the developed AOPs, Catalytic Wet Peroxide Oxidation (CWPO) is recognized as a low-cost and environment-friendly technology, since it operates with simple equipment under ambient condition [8] [9] [10] . CWPO employs hydrogen peroxide (H 2 O 2 ) or other inorganic peroxides as an oxidation agent and a suitable catalyst to promote its partial decomposition to form radicals HO , HO 2 , O 2 2 , etc., which are all powerful oxidizing species able to e ciently degrade most of the organic pollutants present in wastewaters [9] . Moreover, hydrogen peroxide (H 2 O 2 ) is a non-toxic reactant which does not form any harmful byproduct, but improves the oxidation e ciency [11] .
Homogeneous wet catalytic oxidation using Fenton's reagent (Fe 2+ /H 2 O 2 ) and Fenton-like reagent (Co 2+ /H 2 O 2 , Cu 2+ /H 2 O 2 , etc.) is normally employed to treat the organic pollutants in aqueous solutions. However, the ions-sludge generated in large quantity after the reaction and its removal at the end of treatment is inconvenient, and it is rather a costly process [10, 11] . Further, in most cases, this homogeneous method is employed at high temperature and pressure which limits its practical application [12] . Therefore, heterogeneous catalysts functional at ambient condition with minimal leaching of active species under the reaction condition would be a better choice, and the same has now received wide attention [13, 14] .
Over the past few years, several heterogeneous Cu catalysts have been reported for H 2 O 2 activation. Most of them supported CuO systems using metal oxide, alumina, activated carbon, chitosan, zeolites, etc. For example, CWPO of a reactive dye by magnetic copper ferrite nanoparticles was evaluated by TehraniBagha et al. [14] . Bradu et al. [15] studied the removal of azo dye by CuO/Al 2 O 3 and NiO/Al 2 O 3 . Alvarez et al. [16] reported wet air oxidation of phenol by CuO/activated carbon catalyst. CuO/Zeolite (synthesized from chemical precursors) was applied for the catalyzed oxidation of gaseous toluene [17] , oxidation of secondary alcohols [18] , adsorption [19] , water oxidation of 2-chlorophenol [20] , and photocatalytic activity [21] . In the last few years, various types of commercial, synthetic, and natural zeolites supporting metal oxides have been investigated, exhibiting high activity [17, 21] . But, there is no report on the catalytic wet peroxide oxidation of organic dyes using CuO/ y ash-derived zeolite NaX.
Fly Ash (FA) is one of the solid wastes produced from the thermal power plant, which causes serious environmental problems [22] . In India, more than 120 million tons/year of FA is generated which tends to increase every year, but only about 20-30% of it is used as an ingredient in Portland cement, clinkers, and y ash bricks [23] . Hence, the management of y ash becomes a matter of global concern from environmental and economic points of view. Fly ash consists of crystalline aluminosilicate, mullite, and -quartz with trace amounts of metal oxides depending on the nature of coal burn. Due to high silica and alumina content, FA can be converted into zeolite material by hydrothermal treatment [24] , and this process is adopted in the present work with some modi cations and also incorporation of CuO. Therefore, the aim and novelty of this work is the conversion of y ash into phase-pure zeolite catalyst and the augmentation of its catalytic activity by nano CuO incorporation.
This paper focuses mainly on three aspects:
(i) Synthesis and characterization of y ash-derived zeolite X (FAZ-X) and CuO/FAZ-X heterogeneous catalysts; (ii) Evaluation of their adsorption and catalytic oxidative decolorization of a model dye Methylene Blue (MB); (iii) Investigation of optimal conditions of several experimental factors such as CuO loading, initial dye concentration, catalyst dosage, initial peroxide concentration, and pH.
The merits of this work are:
(i) Utility of low or zero cost material coal y ash for zeolite synthesis and helping the environmental remediation; (ii) CWPO at room temperature and atmospheric pressure condition; (iii) A simple and facile route to prepare FAZ-X and further incorporation of nano CuO into FAZ-X.
The results indicate that the designed and developed CuO/FAZ-X catalyst proves its worthiness in many respects such as e ciency, stability, reliability, and above all environmental remediation of the waste material coal y ash. 
Synthesis of Zeolite NaX (FAZ-X)
Zeolite NaX was synthesized from FA (pretreated) by fusion method, which involved alkali fusion followed by hydrothermal treatment [23, 24] . A typical procedure is given below: the pretreated FA was mixed with sodium hydroxide at 1:1.3 ratio (wt/wt) and fused at 550 C for 1 h. Thereafter, the fused product was mixed with DD water, and the resulting slurry was aged for 20 h, and nally crystallized at 90 C for 6 h. The solid product was recovered by ltration and washed with DD water until the pH of the washings was about 9. The product was then dried in a hot air oven at 110 C for 2-3 h. The sample is labeled as FAZ-X.
Synthesis of CuO/FAZ-X
For preparing CuO/FAZ-X, 3 g of FAZ-X was suspended in 100 ml of 0.1 M cupric sulphate solution. The reaction mixture was magnetically stirred for 20 h. The obtained Cu(II) exchanged zeolite (Cu/FAZ-X) was separated by ltration (whatman No. 1 paper) and washed several times with DD water to remove all water-soluble remaining ions in the product. Resultant product was transferred to a silica crucible and placed in an oven at 100 5 C for 12 h. Finally, it was calcined in a pre-heated mu e furnace at 450 C for 4 h. The sample was then cooled to room temperature, ground to ne powder, and stored in air-tight vials. This is labeled as CuO/FAZ-X.
Synthesis of di erent levels CuO loaded
FAZ-X
The procedure described in Section 2.4 was followed with di erent concentrations of cupric sulphate solution (0.05, 0.5, and 1.0 M), and the remaining procedure is the same as the previous ones. The synthesized materials are labeled as 0.05 M, 0.5 M, and 1.0 M CuO loaded FAZ-X.
Synthesis of CuO
Copper (II) solution (0.1 M) with cupric sulphate was prepared in double distilled water, stirred and heated to 100 C. Then, 1.0 M NaOH was added drop-wise to this solution till pH 7. A brownish-black precipitate was obtained, ltered, washed thoroughly with DD water and dried at 100 C overnight. Finally, the sample was heat-treated in a mu e furnace at 450 C for 4 h. Then, it was allowed to cool down to room temperature, ground to ne powder, and stored in air-tight vials. 
Materials characterization

Catalytic evaluation
The catalytic oxidation of MB dye was carried out under ambient condition. The reaction was conducted in a three-necked at bottom ask with constant stirring at around 300 rpm. The ask was covered and wrapped with aluminum foil to block the incidence of indoor light on the reaction mixture. In a typical experiment, 50 mg catalyst powder was dispersed in 200 ml MB solution (100 mgL 1 ). At the natural pH 6.8 (prior to the addition of H 2 O 2 ), the suspension was magnetically stirred for about 30 min to establish the adsorption/desorption equilibrium between dye and catalyst. Then, the required amount of 30% v/v H 2 O 2 was added to the above suspension under continuous magnetic stirring. At the given time intervals (10 min), 1 ml aliquot was collected and immediately centrifuged to remove the catalyst and for subsequent spectral analysis of the dye solution. The decolorization was monitored by UV-Visible spectroscopy at 665 nm, the maximum absorption wavelength of MB using Eq. (1):
where A o is the initial absorbance of dye, and A t is the absorbance at selected time intervals. The catalytic decolorization of MB was investigated for the in uence of experimental variables such as CuO loading on FAZ-X, initial H 2 O 2 concentration, initial concentration of MB, catalyst dose, and pH. To run the catalyst recycle, the used catalyst was collected by centrifugation, washed with water, dried at 100 C, and then used for MB decolorization. This was repeated for several cycles of the decolorization experiment.
COD load of the reaction mixture was monitored during the oxidation reaction by the open dichromate re ux method [25(a)]. In this method, 10 ml of the reaction mixture was mixed with 25 ml of 0.01467 M K 2 Cr 2 O 7 reagent, 35 ml conc. H 2 SO 4 and a pinch of silver sulphate. The mixture was re uxed for 2 h, cooled, and titrated with 0.05 M ammonium ferrous sulphate (FAS) solution using ferroin indicator. The whole procedure was repeated with a blank taking 10 ml of distilled water in place of the reaction mixture. COD was computed by the following equation:
where: A Volume of FAS used for blank titration, B Volume of FAS used for sample titration, M Molarity of FAS, V Volume of the reaction mixture, 8000
Milli equivalent weight of oxygen 1000 ml/L.
The COD removal was calculated by Eq. (3):
where COD o = COD of the reaction mixture at t = 0 (i.e., before commencement of oxidation) and COD t = COD of the reaction mixture at t = t (i.e., after oxidation proceeded for time, t). Other metal oxides have also undergone a considerable decrease in their content. Thus, the synthesis process and the expected chemical change in each and every step of CuO/FAZ-X formation are con rmed and validated by XRF analysis.
XRD studies
The X-Ray Di raction (XRD) patterns of PFA and FAZ-X are shown in Figure 1 . The characteristic high Figure 1 can be indexed to NaX zeolite crystalline planes by matching it with the zeolite pattern in the library of XRD patterns [JCPDS No. 39-0218] and also by matching it with reports in the literature [23, 24] . The most distinct changes in the XRD pattern of FAZ-X, when compared to PFA, are the disappearance of the quartz and mullite peaks and the appearance of new crystalline phase corresponding only to zeolite X. 3.1.3. FTIR studies Figure 2 shows the FTIR spectra of PFA, FAZ-X, and CuO/FAZ-X; Table 2 infrared region of the spectra (1500-500 cm 1 ) contains the fundamental framework vibration of Si(AlO 4 ) groupings. The in-between broadband within the wavenumbers of 980 and 1320 cm 1 in the IR spectrum of PFA (Figure 2(a) ) represents the presence of substituted Al atoms in the tetrahedral forms of silica frameworks [23] . Figure 2(b) shows the broad peak with high intensity at 983 cm 1 and sharp peak at 752 cm 1 attributed to Si-Al-O asymmetric and symmetric stretching vibrations, respectively. The band at 1645 cm 1 is assigned to the asymmetric and symmetric bending/deformation vibrations of O-H, suggesting the presence of possibly hydrated aluminum silicates. All these observations con rm the formation of X-type zeolite on alkali treatment of FA [23, 24] . A speci c band at 2369 cm 1 (not shown in Figure 2 (c)) appearing for calcined sample (CuO/FAZ-X) suggests the existence of CuO in the zeolite structure [26] . The band at about 983 cm 1 in the spectra of FAZ-X (Figure 2(b) ) is shifted to high wavenumber 1075 cm 1 (Figure 2(c) ) indicative of exchanging Na + by Cu 2+ cations [27, 28] . All the above-mentioned peaks, except the broadband at 1075 cm 1 , appear either weak or overlapped/merged with neighboring peaks or shifted to higher wavenumber side in CuO/FAZ-X (Figure 2(c) ) [29, 30] . Thus, IR spectra provide evidence for zeolite formation from PFA, and then CuO/FAZ-X from FAZ-X.
SEM and EDX analysis
The SEM images of FA, FAZ-X, and CuO/FAZ-X samples are shown in Figure 3 . Fly ash consists of smooth surfaced spherical particles in size range of 0.5-3.0 m (Figure 3(a) ). SEM image of FAZ-X pow- der (Figure 3(b) ) consists of predominantly spherical, smooth particles/grains of 1-2 m in diameter [24] . However, the image of CuO/FAZ-X (Figure 3(c) ) shows irregularly shaped somewhat bigger spongy such as particles. A close examination of the enlarged image (inset in Figure 3(c) ) reveals the existence of nano fringes (small densely arranged ber-like structure) on the entire surface of FAZ-X particles. The whole morphology of CuO/FAZ-X appears as the white spongy fully opened cotton fruit in the plankton. The EDX spectra of CuO/FAZ-X are shown in Figure 4 . The spectra show sharp signals corresponding to all the expected elements. The elemental analysis data of Figure 4 clearly suggest the chemical composition of the materials. The low Si/Al ratio of zeolite (1.5) con rms the formation of Zeolite NaX type. The presence of 22 atomic % of Cu which is close to the XRF result of 26.88 wt% for CuO con rms the formation of CuO/FAZ-X with a higher CuO dispersion. Thus, EDX analysis provides evidence for the elemental composition of synthesized zeolite materials. Total pore volume (cm 3 /g) 0.22
Average pore radius ( A) 29 50 3.1.5. BET studies The surface area, pore volume, and pore size of FAZ-X and CuO/FAZ-X catalyst samples obtained from BET N 2 adsorption/desorption method are entered into Table 3 . BET surface area of CuO/FAZ-X and FAZ-X are found to be 58 m 2 /g and 413 m 2 /g, respectively. The surface area of FAZ-X decreases signi cantly, while pore volume decreases only slightly on CuO loading. These results are clearly logical because the introduced CuO species occupy and cover the zeolite pores, channels, and cavities as observed from the SEM images ( Figure 3 ). They also adhere to the surface of zeolite particles. Hence, the zeolite particles are bulged and the increase in size explains the considerable increase in pore size or radius (Table 3) .
3.2. Assessment of adsorption and decolorization e ciency of CuO/FAZ-X, CuO, and FAZ-X Figure 5 (a) shows the adsorption of MB dye under dark condition over FAZ-X, CuO, and CuO/FAZ-X catalysts. The amounts of adsorption of the catalysts are 3% for CuO/FAZ-X, 40% for FAZ-X, and 0.1% for CuO after 180 min contact time. The results reveal that FAZ-X has greater adsorption for MB dye compared to CuO or CuO/FAZ-X. Pristine CuO is a very poor adsorbent (almost no adsorption) for MB. This feature considerably reduces the adsorption tendency of FAZ-X on CuO incorporation, and consequently, CuO/FAZ-X, as the newly developed catalyst, has only a physically poor adsorption for MB. In contrast, remarkable improvement of MB decolorization occurs with CuO/FAZ-X/H 2 O 2 suspension, and about 100% of MB is decolorized in 120 min at natural pH (6.8). But, FAZ-X and CuO exhibit respectively, 31% and 44% MB decolorization after 120 min reaction time. Therefore, it is obvious that the combination of CuO and zeolite NaX (FAZ-X) results in synergic e ect on catalytic activity leading to almost doubling the activity and complete decolorization of MB.
Decolorization of MB under di erent experimental variables 3.3.1. E ect of CuO loading
In uence of CuO loading on the catalytic oxidation of MB is shown in Figure 5 (b) . Dye decolorization increases with the increase in CuO loading up to 0.1 M Cu 2+ concentration, and thereafter, the decolorization % decreases possibly due to more aggregation of CuO species on the surface of FAZ-X. As evident from the data in Table 3 , more aggregation reduces the surface area of the catalyst resulting in a decrease in a number of active sites present on the catalyst. Hence, there is a less amount of production of hydroxyl radicals accounting well for the low catalytic activity [31] . All further studies were done with CuO/FAZ-X catalyst where CuO was loaded using 0.1 M Cu(II) solution which is found to be optimal.
E ect of catalyst dosage
The e ect of catalyst dosage on the decolorization of MB is shown in Figure 5 (c). Increase in decolorization with increase in catalyst dosage is observed. This could be understood by the presence of more active sites for generation of free-radical species, which in turn can promote the decolorization extent and yield [32, 33] . Maximum dye decolorization (100%) is observed at a catalyst dosage of 250 mg/L. 
E ect of initial concentration of MB
The e ect of initial concentration of MB on its decolorization is displayed in Figure 5 (e). When increasing the dye concentration from 20 ppm to 200 ppm, a decrease of its reactivity is observed. At 20 ppm MB concentration, 100% decolorization is observed within 60 min; at 50 ppm, in 90 min; at 100 ppm, in 120 min. For MB concentrations of 150 and 200 ppm, the decolorization percentages are about 87 and 81 in 120 min, respectively. This is explainable by the fact that when the production of hydroxyl radicals is constant, yet dye concentration increases, the relative number of free radicals attacking the dye molecules decreases [34] .
3.3.5. E ect of pH of dye solution Figure 5 (f) illustrates the in uence of the solution pH on the decolorization of MB dye using CuO/FAZ-X. The decolorization percentage increases from pH 4 to 7, and then decreases. MB shows the maximum decolorization % at pH 6.8 (natural) in 120 min. This trend can be explained on the basis of zeropoint charge (pH zpc ) and the acid/base property of the catalyst surface. Since pH zpc for CuO/FAZ-X is 7.3, the surface of the catalyst is presumably positively and negatively charged in acidic and alkaline solutions, respectively [33] . MB is a cationic/basic dye. MB molecule is stable in acidic condition, but unstable in alkaline pH (above 10). At acidic pH (< 6:8), there exists electrostatic repulsion between cationic MB molecule and the positive charge of the catalyst surface [34] . Hence, MB molecule cannot approach the surface of the catalyst, where hydroxyl radicals are produced. Consequently, the decolorization e ciency is less/decreased. Moreover, at acidic pH, the anion Cl is able to react with HO radical leading to ClO -H radical ion. This ClO -H radical anion has a much lower reactivity than HO . Due to this phenomenon, the decolorization percentage of MB could decrease [34, 35] . At pH above pH zpc (alkaline condition), the surface of the catalyst becomes negatively charged by losing protons. Therefore, the adsorption of MB reaches its maximum value due to strong electrostatic attraction [36] , and hence MB is stabilized. Furthermore, the production of hydroxyl radicals (due to the reaction of hydroxyl radicals with hydroxide ions) decreases at the alkaline medium, which in turn decreases the decolorization e ciency. In addition, the strong MB adsorption leads to a major decrease in the active centers, and consequently to a decrease in the production of hydroxyl radical on the catalyst surface [37] . When pH > 10, the decolorization of MB is inhibited. This is because the hydroxide ions compete with MB molecule in adsorption on the surface of catalyst. In addition, there are two inhibiting aspects. First, OH reacts with HO to form HO 2 , which has very low reactivity with dye. Second, H 2 O 2 decomposes into H 2 O and O 2 at higher pH [37] . Thus, based on the above results and discussions, neutral pH 6.8 (original pH of the MB solution) is selected as the optimal value which facilitates 100% decolorization.
Reaction mechanism
Decolorization experiment clearly suggests that CuO and FAZ-X undergo synergic e ect on catalytic activity, making the combined catalyst CuO/FAZ-X capable of reacting e ectively with hydrogen peroxide and producing more OH . The heterogeneous activation of hydrogen peroxide can be expressed in Eqs. (5) to (7), and Figure 6 . Oxidation-reduction reactions in the redox couple Cu(II)/Cu(I) take place in the presence of excessive hydrogen peroxide forming reactive hydroxyl (OH ) and hydroperoxyl (HOO ) radicals. These hydroxyl radicals attack the MB dye and degrade it to give several intermediate products. Finally, MB dye is completely decolorized [30] . (7) 3.5. Catalyst recycling experiments
Catalyst recycling experiments were performed to study the stability and sustainability of the catalyst during the decolorization process ( Figure 7 ). 4A zeolite-zero valent iron nano particle (nZVI/4A zeolite) Decolorization experiments were repeated for 6 cycle using the same CuO/FAZ-X catalyst sample which was washed every time with water and dried at 100 C before reuse. As observed from Figure 7 , there was no apparent loss of the catalytic activity during the rst 3 cycles. But, during the fourth run, much longer time was required to obtain complete decolorization (100%) of MB. The slight decrease in catalytic activity from fourth cycle onward might have been caused by the loss of catalyst during handling and regeneration and/or incomplete removal of by-products during washing. Nevertheless, the results indicate that there is almost no appreciable activity loss of the catalyst during 6
recycles. The physico-chemical stability was checked by FTIR spectrum of the used catalyst ( Figure 8 ). This has similarity to the spectrum of fresh CuO/FAZ-X. Also, in the FTIR spectrum of the used catalyst, no characteristic peaks from MB could be found. FTIR study, thus, shows that the catalyst material is chemically stable on reuse. A comparison was made between the results of e ciency and reusability of the present catalyst with those of the reported catalysts in literature [36] [37] [38] [39] [40] [41] [42] [43] , and the relevant data are compiled in Table 4 . The present CuO/FAZ-X catalyst has certainly good stability and sustainability over the previous catalysts. 
LC-MS with ESI-Mass studies for product analysis
The intermediates generated during MB decolorization were analyzed using HPLC-(-ESI)-TOF-MS which allowed the detection of aromatic compounds with di erent molecular weights. 
COD studies
Apart from LC-MS analysis, COD is also used for con rming the decolorization of MB dye. The COD test allows the measurement of dye in terms of the total quantity of oxygen required for the oxidation of dye organic matters. The COD removal of the reaction mixture after MB decolorization over CuO/FAZ-X (optimal conditions H 2 O 2 = 5 ml/L, 250 mg/L catalyst, 100 ppm MB, pH = 6.8, ambient temperature) was 73.6% for 2 h, 80.3% for 4 h, and 95% for 8 h (Figure 11 ). The COD reduction is less than the percentage of decolorization, which may be due to the formation of smaller uncolored products. Therefore, it is apparent that for complete mineralization of MB dye, longer reaction time is required. This result is not new, but has already been reported in many previous studies [21,27,33(b) ]. The COD and LC-MS results are in agreement, con rming the decolorization of the MB molecule into small fragments.
Comparison of CWPO activities of di erent catalysts
In order to realize and appreciate the CWPO performance/activity of the present catalyst CuO/FAZ-X, a comparison of e ciencies of the present and literaturereported [36] [37] [38] [39] [40] [41] [42] [43] catalysts in MB dye decolorization is made. Table 4 compiles the decolorization % of MB along with the experimental conditions employed. Considering the higher concentration (100 ppm) of the MB employed in the present study (compared to 10 ppm in many other studies), the data in Table 4 certainly reveal that CuO/FAZ-X catalyst in the present study has an outstanding performance. 
Conclusions
In this work, the cheap and easily available waste material coal Fly Ash was converted into Zeolite X type (FAZ-X) and CuO was incorporated to design a new catalyst (CuO/FAZ-X). All the instrumental characterizations proved the formation of CuO incorporated FAZ-X. Employing CuO, FAZ-X, and CuO/FAZ-X as heterogeneous Fenton catalysts for wet catalytic oxidative decolorization of MB in the presence of H 2 O 2 , it was found that CuO/FAZ-X exhibits more than twice the e ciency of either FAZ-X or CuO. In fact, CuO incorporation leads to synergic e ect with zeolite and dramatically improves the catalytic e ciency of CuO/FAZ-X. Hence, the novel catalyst has many advantages such as simple preparation, remarkable performance, good structural stability, and sustainable catalytic activity in repetitive reaction cycles. So, CuO/FAZ-X is an eco-friendly green catalyst developed from the waste material coal y ash. Thus, the present work demonstrates a simple and facile route for the conversion of waste coal y ash into a valuable catalyst.
